DNMT3A is frequently mutated in acute myeloid leukemia (AML). To explore the features of human AML with the hotspot DNMT3A R882H mutation, we generated Dnmt3a R878H conditional knockin mice, which developed AML with enlarged Lin − Sca1 + cKit + cell compartments. The transcriptome and DNA methylation profiling of bulk leukemic cells and the single-cell RNA sequencing of leukemic stem/progenitor cells revealed significant changes in gene expression and epigenetic regulatory patterns that cause differentiation arrest and growth advantage. Consistent with leukemic cell accumulation in G 2 /M phase, CDK1 was up-regulated due to mTOR activation associated with DNA hypomethylation. Overexpressed CDK1-mediated EZH2 phosphorylation resulted in an abnormal trimethylation of H3K27 profile. The mTOR inhibitor rapamycin elicited a significant therapeutic response in Dnmt3a R878H/WT mice.
DNMT3A is frequently mutated in acute myeloid leukemia (AML).
To explore the features of human AML with the hotspot DNMT3A R882H mutation, we generated Dnmt3a R878H conditional knockin mice, which developed AML with enlarged Lin − Sca1 + cKit + cell compartments. The transcriptome and DNA methylation profiling of bulk leukemic cells and the single-cell RNA sequencing of leukemic stem/progenitor cells revealed significant changes in gene expression and epigenetic regulatory patterns that cause differentiation arrest and growth advantage. Consistent with leukemic cell accumulation in G 2 /M phase, CDK1 was up-regulated due to mTOR activation associated with DNA hypomethylation. Overexpressed CDK1-mediated EZH2 phosphorylation resulted in an abnormal trimethylation of H3K27 profile. The mTOR inhibitor rapamycin elicited a significant therapeutic response in Dnmt3a R878H/WT mice.
Dnmt3a R878H mutation | conditional knockin mice | single-cell RNA-seq | leukemia | mTOR inhibitor S omatic mutations in the DNA methyltransferase DNMT3A have been identified in a subset of acute myeloid leukemia (AML), myelodysplastic syndrome (MDS), and acute lymphoblastic leukemia (ALL), with DNMT3A R882 being the hotspot (1) (2) (3) (4) . Clinical features of most AML cases with DNMT3A mutations include preferential involvement of a monocytic lineage (AML-M4 and -M5 subtypes), thrombocytosis, onset at a relatively old age, and poor prognosis (2, 5, 6) . Careful genotypephenotype correlations suggest that patients manifest DNMT3A mutations in preleukemic hematopoietic stem cells (HSCs)/multipotent progenitors (MPPs), which exhibit a competitive advantage over normal HSCs. Because these mutations occur at a very early stage among genetic abnormalities, they are likely involved in the development of leukemia (7, 8) .
Functionally, the DNMT3A R882 mutation might disrupt epigenetic regulation. This kind of DNMT3A mutation confers reduced methyltransferase activity and promotes the possibility of dominant-negative consequences compared with the wild-type (WT) allele (2, 9, 10) . Moreover, the DNMT3A mutation causes aberrant DNA hypomethylation and up-regulates a series of target genes involved in AML pathogenesis (11) (12) (13) .
In vivo animal tests have shown that the Dnmt3a gene plays an essential role in hematopoiesis regulation. Dnmt3a −/− HSCs expand remarkably, but their differentiation is inhibited when Dnmt3a is conditionally inactivated in the murine hematopoietic system; this phenomenon is consistent with a preleukemic state (7) . Moreover, all lethally irradiated mice transplanted with Dnmt3a-deleted HSCs died within 1 y and were diagnosed with a spectrum of malignancies similar to those observed in patients carrying DNMT3A mutations, including MDS, AML, primary myelofibrosis, and ALL, suggesting that Dnmt3a functions as a tumor suppressor (7) . With a second hit of mutations in various genes such as N-RAS, C-KIT, or FLT3 in Dnmt3a −/− mice, Dnmt3a deletion induces leukemic transformation (14, 15) . Although these results indicate a major role of Dnmt3a deletion in facilitating the development of leukemia, the in vivo roles of DNMT3A mutants in leukemogenesis still need to be addressed. In our previous work, bone marrow transplantation (BMT) of bone marrow (BM) cells retrovirally transduced with DNMT3A R882H induced chronic myelomonocytic leukemia (CMML) with mild invasive behaviors through disturbing DNA methylation and gene expression in recipient mice (12) . In contrast to the aggressive manifestations of DNMT3A mutation-related AML in clinical settings, this phenotype can be ascribed to an inappropriate expression of the mutant DNMT3A gene as driven by a retroviral promoter instead of the endogenous promoter/ enhancer.
To address whether the clinically significant DNMT3A mutation could really be leukemogenic, we established a conditional knockin mouse model and investigated genetic and epigenetic changes, including gene expression profiles, DNA methylation, and chromatin modification, affected by this mutation. We further explored the potential mechanisms that can explain the process by which the DNMT3A mutation hierarchically induces abnormal hematopoiesis and the manner by which specific regulators of relevant pathways in murine and human settings can be targeted for potential therapeutic applications.
Significance
DNMT3A is a critical epigenetic modifier and tumor suppressor in the hematopoietic system. This gene is frequently mutated in hematopoietic malignancies, including acute myeloid leukemia (AML), with Dnmt3a R878H being the most common mutant. By using a conditional knockin approach, this study shows that Dnmt3a R878H is sufficient to initiate AML and recapitulate human leukemic features in mice. The leukemiainitiating cells are enriched in hematopoietic stem/progenitor cells. Through gene expression profiling, DNA methylation and histone modification analysis, and functional tests on important regulators for cell proliferation and differentiation in an animal model, this study has not only discovered mTOR pathway activation as a key player in the disease mechanism but also revealed the potential therapeutic effects of mTOR inhibition on DNMT3A mutation-related leukemia.
Results
Dnmt3a R878H Mutation Induces AML in Conditional Knockin Mice.
To elucidate the consequences of the DNMT3A R882 mutant in an endogenous expression environment, we generated a mouse model of Cre-mediated conditional expression of mutant Dnmt3a R878H obtained from the endogenous locus of Dnmt3a (Fig. S1A ). Dnmt3a R878H knockin mice were crossed with mice carrying a Cre recombinase allele under the control of an IFN-inducible Mx1 promoter (Mx1Cre). Upon Cre induction with pIpC, the endogenous Dnmt3a exon 23 was efficiently replaced by exon 23 carrying the R878H mutation in the hematopoietic system, whereas this replacement was not found in other organs/tissues examined (Dataset S1). Conditional Dnmt3a R878H expression and activation were directed to the hematopoietic compartment by the Mx1 promoter. After obtaining Mx1Cre
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Dnmt3a
R878H/WT heterozygous mice (Dnmt3a R878H/WT ), we confirmed the genotype at the DNA level and checked the RNA expression of the mutation by using PCR and sequence analysis (Fig. S1B) .
Approximately 4 to 6 mo after IFN induction, all 25 Dnmt3a
R878H/WT mice were diagnosed with a myelomonocytic type of AML characterized by segmental expansion of immature cells in the BM and spleen, along with extramedullary infiltration (splenomegaly, lymphadenectasis, and cutaneous invasion). The Dnmt3a R878H/WT mice showed a relatively long median survival time of 230 d (Fig. 1A) . Large leukemic cells showing a high nuclear/cytoplasmic ratio and fine chromatin were observed in the BM (23% on average) and spleen of all Dnmt3a R878H/WT mice (Fig. 1C) . The nuclei of some blasts were indented, reminiscent of the identity of monoblasts (Fig. 1B) . The inhibition ratio of NaF in BM cells was higher than 50%, indicating that these immature cells belonged to the monocytic lineage. Peripheral blood (PB) analysis showed significantly increased numbers of white blood cells (WBCs) and platelets and a dramatically reduced hemoglobin level (Fig. S1C ). PB smears with Wright's staining revealed a striking feature: a significant amount of early myeloid elements against a background of increased granulocytes, monocytes, and clustered platelets (Fig. S1D) 
LSK Cells from Dnmt3a
R878H/WT Mice Harbor Leukemia-Initiating Cells.
Because the LSK compartment was considerably enlarged in leukemic BM, we hypothesized that the aberrantly increased LSK cells might contain leukemia-initiating cells. Therefore, the effect of Dnmt3a R878H on leukemogenesis was further investigated through transplantation experiments by inoculating 1,000 LSK cells derived from the BM of Dnmt3a WT/WT or diseased Dnmt3a R878H/WT donor mice (with the CD45.2 marker) into sublethally irradiated (350 cGy) recipient mice (with the CD45.1 marker). As shown in Fig. 2A , almost no CD45.2-expressing elements were detectable in the PB of mice receiving Dnmt3a
WT/WT LSK cells during the 9 mo after transplantation. In contrast, the percentage of CD45.2 + WBCs in the PB increased significantly to a level of 53% in recipient mice with a Dnmt3a R878H/WT transplant over the same period, suggesting that Dnmt3a R878H might provide LSK cells with an advantage in growth and survival. Detailed phenotype analysis was performed in three of the mice inoculated with Dnmt3a (Fig. 2C ). These results indicated that the leukemia induced by knockin of Dnmt3a R878H was transplantable and that the LSK cells with the Dnmt3a mutation might harbor leukemia-initiating cells. Moreover, we also transplanted 2 × 10 6 spleen cells from the Dnmt3a R878H/WT leukemic mice into secondary recipient mice, which developed AML with a longer latency (12 to 18 mo) compared with the experiment using leukemic LSK cells.
Single-Cell Transcriptome Profiling of LSKs in Dnmt3a R878H/WT Leukemic
Mice. To obtain insight into the biological signature of leukemic progenitors, we compared gene expression profiles of LSKs between Dnmt3a WT/WT and Dnmt3a R878H/WT mice by using single-cell RNA sequencing (RNA-seq) (Fig. S2B) . The possible differences in heterogeneity of gene expression in terms of functional categories between Dnmt3a
WT/WT and Dnmt3a
R878H/WT mice were further investigated (Dataset S3): We compared distance-to-the-median (DM) values of genes in mouse pairs for each Gene Ontology (GO term) as previously described (17) . Altogether, 1,039 GO terms revealed significant differences in at least one pairwise comparison (P < 0.01) (Dataset S4). The expression of genes involved in cell-cycle regulation and transition were more heterogeneous in Dnmt3a R878H/WT mice than in Dnmt3a WT/WT ones (Fig. 2D) . Some genes associated with leukemogenesis, such as Meis1, Hlf, Mpl, Hoxa7, Hoxa10, and Gata3 were up-regulated in LSKs of Dnmt3a R878H/WT mice (Fig. 2E ). Principal component analysis (PCA) of the transcriptome demonstrated a separated LSK cluster, except for one sample, of Dnmt3a R878H/WT from LSKs derived from Dnmt3a WT/WT animals, revealing that most LSKs in diseased mice displayed distinct transcriptome identities. We then combined RNA-seq data of all the individual LSKs into Dnmt3a
WT/WT and Dnmt3a R878H/WT groups to access their global expression profiles. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis (Dataset S5) showed that genes involved in the cell-cycle, chronic myeloid leukemia (CML), mTOR, and AML signaling pathways were overexpressed and responsible for the separation of leukemic and Dnmt3a WT/WT LSK clusters (Fig. 2F) . These results were consistent with the cell-cycle status of LSKs as determined by flow cytometric analysis showing the transition of G 0 /G 1 to S/G 2 /M (Fig.  2G and Fig. S2C ). In fact, many cell-cycle regulators, such as cyclin-dependent kinase (CDK) family genes (including Cdk11b, Cdk6, Cdkn1a, and Cdk20), which are involved in this transition and presumably cause cell proliferation, were overexpressed (Dataset S3). (Fig. 3A) . At individual gene levels, many genes associated with proliferation, such as Pcna and Cdk family members (Cdk1 and Cdk2), were overexpressed in Gr-1 + cells, which was consistent with the results in the LSKs of Dnmt3a R878H/WT mice. However, a number of hematopoietic differentiation-related genes, such as Gata1 to 3 and Pax5, were expressed at a low level in the Gr-1 + cells of Dnmt3a R878H/WT mice (Fig. 3B) . A portion of the differentially expressed genes were confirmed by real-time RT-PCR (Fig. 3C ).
Dnmt3a Mutation Increases CDK1 Protein Level Through mTOR
Activation. To further explore the mechanism underlying Dnmt3a R878H/WT phenotypic defects, we also tried to identify abnormal regulatory networks through protein-level analysis. To this end, CDK1 overexpression was discovered while screening proteins associated with the cell cycle in BM cells of Dnmt3a R878H/WT mice compared with Dnmt3a WT/WT animals (Fig. 3D) . To facilitate detailed biochemical and molecular studies and ultimately clarify the mechanism by which the DNMT3A mutation induces CDK1 up-regulation, we used two cell models, the human cell line OCI-AML3 (OA3) harboring the DNMT3A R882C mutation and the murine fibroblast line NIH 3T3 stably expressing DNMT3A R882H. Knockdown of mutant protein expression with RNAi substantially decreased CDK1 protein, but not its mRNA, in OA3 cells, suggesting that the DNMT3A R882 mutation could affect the turnover of CDK1 protein (Fig. S3A) . Furthermore, we applied the lysosome inhibitor chloroquine (CQ) or the proteasome inhibitor MG132 to OA3 cells in which knockdown of DNMT3A mutant protein was carried out. The result showed that CQ, but not MG132, reversed CDK1 expression levels, indicating that mutant DNMT3A could up-regulate CDK1 by inhibiting the autophage-lysosome pathway (Fig. 3E) . Because mTOR is a key negative regulator of autophagy (18), we treated OA3 cells with specific RNAi against mTOR or the mTOR-specific inhibitor rapamycin. Indeed, CDK1 expression decreased with autophagy activation, demonstrated by an increased expression of the autophagy marker LC3-II (Fig. 3 F and G) . Immunofluorescence staining revealed that CDK1 was partly colocalized with LC3. In addition, autophagy activity was further assessed by visualizing a punctate LC3 pattern using confocal microscopy in OA3 cells with knockdown of mutant DNMT3A or treatment with rapamycin (Fig. S3B) . Notably, both mRNA and protein expression levels of mTOR and its downstream activated proteins, including phosphorylated P70S6K and 4EBP, were considerably higher in NIH 3T3 cells expressing DNMT3A R882H than in cells bearing vehicle or WT DNMT3A (Fig. 3H) . In agreement with these data in the cell lines, the expression levels of mTOR in BM cells were much higher in Dnmt3a R878H/WT than in Dnmt3a
WT/WT mice (Fig. 3I ).
Dnmt3a Mutation Promotes mTOR Expression via Hypomethylation.
In view of the gene transcriptional changes of a large number of pathways, including mTOR in BM cells of Dnmt3a R878H/WT mice and the previous finding that DNMT3A mutations could alter DNA methyltransferase activity (2, 10), we hypothesized that the disturbance in genomic methylation might play a role in causing the aberrant transcriptome. Therefore, we performed methylated DNA immunoprecipitation (MeDIP) sequencing for Gr-1 + cells from both Dnmt3a
WT/WT and Dnmt3a R878H/WT mice (Dataset S7). Although the number of DNA methylation peaks was not significantly different between the two groups, changes in hypo-and hypermethylation patterns occurred regionally throughout the genome (Fig. S4A) . We then determined the DNA hypo-and hypermethylation distribution in six regions of gene structure, namely the promoter, downstream of the 3′ UTR, 5′UTR, 3′UTR, coding exon, intron, and intergenic region (Fig. 4A) . Functional analysis of different methylation regions (DMRs) showed the enrichment of pathways involved in the regulation of the pluripotency of stem cells, MAPK signaling, and CML (Fig. 4B) . The combination of RNA-seq and MeDIPseq revealed 145 down-regulated and hypermethylated genes, including Gata2, Gata3, and Pax5, as well as 79 up-regulated and hypomethylated genes, such as Rpl22, Eif4a1, and mTOR ( Fig.   4C and Dataset S8). Moreover, the MeDIP-seq data of leukemic cells from the same diseased mice showed hypomethylation of the mTOR gene in its body region (Fig. 4D) . These results were consistent with those of a previously established DNMT3A R882H-induced CMML mouse model (Fig. S4B) . Taken together, our results demonstrated that hypomethylation induced by mutant DNMT3A contributed to mTOR up-regulation, and mTOR overexpression in turn inhibited the autophagy pathway, leading to aberrantly increased CDK1 expression.
Modulation of EZH2 by CDK1 Leads to Changes of H3K27 Trimethylation Enrichment Pattern in Dnmt3a
R878H/WT Mice. It was previously reported that CDK1-mediated phosphorylation of EZH2 at threonine 487 could suppress methylation of H3K27 (19, 20) . We hypothesized that a similar mechanism could exist in our leukemia model and thus bring another layer of abnormal epigenetic regulation. To explore the possible influence of histone methylation caused by a DNMT3A mutant, we compared the methylation status of histone 3 in BM cells of Dnmt3a WT/WT and Dnmt3a R878H/WT mice. H3K27 trimethylation (H3K27me3) was found decreased whereas H3K4 showed no obvious changes in BM cells of Dnmt3a R878H/WT mice. Meanwhile, EZH2 phosphorylation at threonine (p-EZH2-487) was increased in leukemic BM cells (Fig. 5A) . We also examined histone 3 methylation patterns in OA3 and 293T cell models. In OA3 cells treated with DNMT3A siRNA, H3K27me3 was increased whereas p-EZH2-487 was decreased compared with cells treated with scrambled siRNA (Fig. 5B) . In 293T cells transduced with R882H DNMT3A, similar patterns of H3K27 and H3K4 methylation were observed in comparison with control (Fig. S5A) . These results not only provided evidence that the DNMT3A mutant inhibited H3K27me3 by inducing CDK1-mediated phosphorylation of EZH2 but also encouraged us to evaluate in a systematic way the impact of decreased H3K27me3 on gene expression. We then performed a global ChIP-seq analysis of H3K27me3 on the BM cells of Dnmt3a R882H/WT and Dnmt3a WT/WT mice. The data showed that the peaks of H3K27me3 binding were distributed mainly in the transcription start site regions in both leukemia and WT samples. Notably, the number of genes with enrichment of H3K27me3 was significantly decreased in leukemic cells compared with WT samples (Fig. 5C ). Among the genes with reduced H3K27me3 enrichment levels, those related to pathways such as "cancer," "CML," and "cell cycle" drew our attention (Fig. 5D ). For example, the Hoxa family was found to have decreased enrichment of H3K27me3, in concordance with the transcriptional activation of several Hoxa genes (Fig. 5E ). However, there was no major change of H3K27me3 status in the mTOR gene (Fig. 5F ). Hence, mTOR activation could more likely be caused by decreased DNA methylation (Fig. 4D) .
Rapamycin Inhibits Proliferation of Human DNMT3A MutationRelated Leukemia Cell Lines and Leukemic Cells in Dnmt3a R878H/WT Mice. In an attempt to identify potential therapeutic agents against leukemia associated with DNMT3A mutations, we found a relatively specific inhibition of the proliferation of OA3 and OCI-AML2 (OA2) cells by rapamycin (Fig. 6A) . We then performed a colony-formation assay and morphological analysis of leukemic cells with or without the DNMT3A mutation in the presence of rapamycin for 2 wk. The number of colonies carrying the DNMT3A mutation significantly decreased after treatment with rapamycin (Fig. 6B) , whereas no changes of surface marker expression were found in OA3 colony cells (Fig. S6A) . To determine the reason behind the high sensitivity of cells carrying the DNMT3A mutation to rapamycin, we examined the expression of mTOR in different subtypes of AML cell lines. OA2 and OA3 cells exhibited a higher mTOR expression than cells with WT DNMT3A (Fig. 6C) . We further determined the in vivo effect of rapamycin (4 mg/kg for 4 mo) on BM cells in Dnmt3a R878H/WT mice. Indeed, the compound significantly reduced the percentage of immature cells in the BM (Fig. 6D and Fig. S6B ) and the leukemic cell infiltration in the spleen (Fig. 6E  and Fig. S6C ). mTOR has been recently reported to play a role in adaptive transition of quiescent stem cells from G 0 to G Alert (21) . Similarly, the percentage and number of both LSK and LRP cells significantly decreased in Dnmt3a R878H/WT mice treated with rapamycin ( Fig. 6F and Fig. S6D ). Upon treatment with rapamycin, survival of Dnmt3a R878H/WT mice significantly improved compared with controls (Fig. 6G) . Furthermore, we also examined fresh BM samples of AML patients. RT-PCR and Western blot analysis demonstrated that samples carrying DNMT3A R882H exhibited a higher expression of mTOR than those with WT DNMT3A (Fig. S6 E and F) . These results suggested that rapamycin inhibits proliferation of leukemic cells carrying the DNMT3A mutation.
Discussion
The importance of DNMT3A in hematopoiesis and leukemogenesis has been demonstrated by studies using Dnmt3a knockout or DNMT3A R882-overexpressing mice (7, 12, 22) . In this study, the conditional knockin mouse model allowed the inducible allelic switch from Dnmt3a
WT/WT to Dnmt3a R878H/WT in the hematopoietic system of adult animals, which indeed possessed some major features of human AML associated with the DNMT3A mutation. This strategy bypassed the embryonic lethality associated with Dnmt3a R878H expression, thus providing a relevant model for studying the target genes regulated by Dnmt3a R878H. Our data therefore highlight the crucial roles of endogenous expression of mutant Dnmt3a R878H in malignant hematopoiesis. Considering that most of the reported DNMT3A mutations in human myeloid neoplasms are heterozygous (1, 2), we observed a transplantable AML phenotype in Dnmt3a R878H/WT heterozygous animals whereas homozygous mice showed growth inhibition and died soon after birth. The leukemia phenotype in mice bore some similarities to that in a Dnmt3a
−/− murine model (23) . Our results showed that leukemic LSKs were composed mostly of LRPs and contained leukemia-initiating cells. These data indicated that Dnmt3a mutation could promote proliferation of leukemic stem/progenitor cells by accelerating the transition of HSPCs from a quiescent status to an active one. However, it was just reported that a knockin of the same allele did not cause leukemia on its own with a 2-y follow-up (24) . The generation of distinct phenotypes might be caused by different conditional knockin design, mice strain, and so forth. Moreover, we found that differentiation of erythroid progenitors was arrested, consistent with previous reports (25) .
In AML patients studied with exome sequencing, 4 out of 51 cases had the DNMT3A mutation as the only known abnormal genetic event (26) . In our Dnmt3a R878H/WT mice, exome sequencing and RNA-seq revealed the Dnmt3a mutation in leukemic cells without recurrent mutations of genes that are well-known coexisting events in human AML with a DNMT3A abnormality. It is worth noting that our leukemia model is a relatively moderate one, because the disease developed after a relatively long latency period (4 to 6 mo) and displayed a quite lengthy median survival time (230 d), and the average percentage of immature cells in the BM was only 23%. Hence, although our model proved the leukemogenic effect of the DNMT3A mutation, it may provide tools to study the role of cooperating mutations for a more aggressive full-blown AML to occur.
In the mechanism study, our Dnmt3a R878H mice have shown that leukemic cells have altered gene expression and epigenetic regulatory patterns contributing to the growth/survival advantage over WT mice. Single-cell RNA-seq of LSKs revealed that the gene expression heterogeneity in leukemic samples seemed to be higher than in WT controls. This, together with the significantly increased number of LSKs/LRPs in Dnmt3a R878H/WT mice, could underlie the clonal diversity and evolutionary potential of leukemia-initiating cells along with the disease course. Moreover, we found that clusters of genes, such as Hoxa family, cellcycle, and mTOR signal pathways, which are activated in leukemic progression, were overexpressed. A recent study shed light on Dnmt3b having synergistic effects with Dnmt3a in leukemogenesis, which might contribute to the coexistence of hyper-and hypomethylated genes in Dnmt3a R878H/WT cells (27) . These data have not only confirmed but also largely extended the knowledge that we previously acquired from samples obtained from AML patients.
The DNMT3A R882H mutation enhances expression of CDK1, which facilitates transition of hematopoietic cells to the S/G 2 /M phase. mTORC1 activity is necessary and sufficient for the transition of stem cells from a quiescent status to an active one (21) . The present study found that the DNMT3A mutation contributed to hypomethylation in the gene body region of mTOR in Dnmt3a
R878H/WT mice. The resultant overexpression of mTOR inhibited the autophage pathway and finally led to an aberrantly high level of CDK1. CDK1 phosphorylated EZH2 at T487, attenuated the ability of this enzyme to catalyze trimethylation of H3K27, and possibly influenced an array of genes associated with leukemic progression such as the Hoxa family.
Finally, our in vitro and in vivo data indicated a potential antitumor activity of the mTOR inhibitor in DNMT3A-mutated leukemia. AML cell lines with the DNMT3A mutation were responsive to rapamycin treatment, and the differential sensitivity displayed may be determined by the expression levels of mTOR. Consistent with in vitro results, our findings revealed that rapamycin elicited a therapeutic response in Dnmt3a R878H/WT mice. Hence, we would like to suggest that further possible preclinical and clinical studies of mTOR inhibitors be carried out in AML-M5 and -M4 subtypes with DNMT3A mutations.
Materials and Methods
Generation of Dnmt3a
R878H/WT Mx1Cre + Mice and Breeding. Dnmt3a R878H/WT mice were obtained from the Nanjing Biomedical Research Institute of Nanjing University. Targeting vectors PL253 used to establish Dnmt3a R878H conditional knockin mice were generated through recombineering (Fig.  S1A ). Subsequent genotyping of offspring was performed by PCR analysis with primers specific for the Dnmt3a R878H mutation (Datasets S9 and S10).
To activate transgene expression in vivo, we administered pIpC to the animals at the time of weaning (4 wk old). Details of treatment protocols are available in SI Materials and Methods. Mice were used according to animal care standards, and all protocols were approved by the Committee on Animal Use for Research at the Shanghai Jiao Tong University School of Medicine.
cDNA Library Preparation from Single Cells Using Fluidigm C1. For each culture condition, 3,000 to 4,000 sorted LSKs were loaded onto a 10-to 17-mm Fluidigm C1 Single-Cell Auto Prep Integrated Fluidic Circuit (IFC), and cells were captured according to the manufacturer's instructions. Libraries from one chip were pooled, and paired-end 200-bp sequencing was performed on four lanes of an Illumina MiSeq. We sequenced an average of over 4.4 million reads per cell (details are in SI Materials and Methods).
Treatment of Dnmt3a
R878H/WT Mice with Rapamycin. Five weeks after the birth of induced Dnmt3a R878H/WT mice, they were subjected to the following treatment protocols: normal saline (vehicle) or rapamycin administered at 4 mg/kg twice a wk for 4 wk, followed by the administration of the same dose once per wk for 4 mo.
The other procedures, including Western blot, flow cytometric analysis, RNAseq, and MeDIP-seq, are described in SI Materials and Methods. All patients gave informed consent for research use. The research involving humans was approved by the institutional review board of Rui Jin Hospital.
